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Memory effects in ac hopping conductance in the quantum Hall effect regime: 

Possible manifestation of DX centers 
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Using simultaneous measurements of the attenuation and velocity of surface acoustic waves prop- 
agating along GaAs/Alo.3Gao.7As heterostructures, complex ac conductance of the latters has been 
determined. In the magnetic fields corresponding to the middles of the Hall plateaus both the ac 
conductance, <r(u), and the sheet electron density, n s , in the two-dimensional conducting layer turn 
out to be dependent on the samples' cooling rate. As a result, the sample "remembers" the cooling 
conditions. The complex conductance is strongly dependent on an infrared illumination which also 
changes both o(ui) and n s . Remarkably, the correlation between a(ui) and n s is universal, i. e. it 
is independent of the way to change these quantities. The results are attributed to two-electron 
defects (so-called DX~ centers) located in the Si doped layer. 

PACS numbers: 72.20.-i; 72.30.+q; 72.50.+b; 73.43.-f; 73.63.-b 



I. INTRODUCTION 

As well knownJ3 in the quantum Hall effect (QHE) 
regime magnetic field dependences of off-diagonal, a xy , 
and diagonal, a xx , components of dc conductivity tensor 
are very much different. Namely, a xy shows a set of fiat 
plateaus with abrupt steps taking place at half-integer 
values of the filling factor v = 2irn s a 2 H where n s is sheet 
density of two-dimensional electron gas (2DEG) while 
an = (ch/eH) 1 / 2 is the quantum magnetic length. On 

the contrary, o4x is extremely small at the plateaus and 
has sharp maxima at the steps between the Hall plateaus, 
i. e. at half-integer filling factors. The conventional 
explanation is that at a half-integer v electronic states the 
Fermi level are extended while apart of the half-integer 
values of v they are localized. 

A powerful way to investigate the interplay between ex- 
tended and localized states is-,an analysis of ac conduc- 
tivity by acoustical methods Ja A surface acoustic wave 
(SAW) propagating in a vicinity of a 2DEG layer pro- 
duces a wave of electric field penetrating the 2DEG. This 
wave creates currents which, in turn, produce a feedback 
to the SAW. As a result, both SAW attenuation T and 
velocity V depend on the properties of the 2DEG. In par- 
ticular, simultaneous measurements of attenuation and 
velocity of SAW provide a unique possibility to deter- 
mine complex ac conductivity, u xx (uj) = a±(u>) — £02 (w), 
as a function of external magnetic field H and SAW fre- 
quency uj. Furthermore, the magnetic field dependence 
of complex conductivity provides an information both on 
the extended and localized states, as well as on metal-to- 
insulator transition. 

As we observed earlier Jl i near the steps on Hall con- 
ductance, i. e. at half-integer v, imaginary part of the 
complex ac conductance is small while its real part coin- 
cides with the dc transverse conductance, a x d x \ However, 
in the magnetic fields corresponding to regions near the 



middles of the Hall plateaus, i. e. at small integer v, the 
difference between a xx (u>) and o~ X x turns out to be cru- 
cial. Namely, a x d x ^ is extremely small while both o~\ (uj) 
and <T2 (oj) are measurable quantities and 02 (w) 3> o~\(uj). 
Furthermore, up to our experimental accuracy, the dis- 
sipative conductivity, o~\(uj) is proportional to SAW fre- 
quency and weakly dependent on the temperature. Ac- 
cording to Ref. ||, these facts lead to the conclusion that 
the mechanism of ac conductance is hopping. 

In our experiment, the SAW is induced by inter-digital 
transducers at the surface of a piezoelectric LiNb03 
plate. Samples are layered structures placed on the plate, 
so the interface layer is located at some distance from the 
piezoelectric surface. If the conductance of the interface 
layer is low, then the ac electric field produced by the 
SAW decays as ~ e ~ k \ z \ where k = uj/V is the SAW 
wave vector while z is the distance from the propagation 
surface. In the following we assume that both the piezo- 
electric plate and the samples' layers are parallel to the 
xy-plane and magnetic field H is directed along z-axis. 
Consequently, it is the region of the thickness w that 
contributes to acoustic properties of the system. How- 
ever, a perfectly conducting layer placed at a distance 
<C above the surface screens the ac electric field and 
confines the electric current inside the layer. As a result, 
in this case both SAW attenuation and velocity are deter- 
mined mostly by the processes inside the interface layer. 
An estimate for the dimensionless parameter discrimi- 
nating between the cases of weak and strong screening is 
the ratio \cr xx \/V. Since a xx is a strong function of mag- 
netic field, variation of the magnetic field changes the 
screening of the ac electric field. As a result, at differ- 
ent magnetic fields different layers of the sample provide 
the dominant contribution to o~ xx (oj). In particular, at 
the Hall plateaus "shunting" of the interface layer by 
doped one can be dominant. A more detailed analysi 
for Si 5-doped GaAs/Alo.3Gao.7As heterostructures has 



2 



shown that it is the case. Namely, at the Hall plateaus 
the doped layer's contribution to o\ (u>) turns out to be 
important. At the same time, its contribution to the dc 
transverse conductance remains negligibly small. 

A procedure outlined in Ref. || allowed us to separate 
the contribution in the ac conductance in QHE regime 
of the interface layer and the doped layer using their dif- 
ferent magnetic field dependences. What we found is 
that the second contribution significantly fluctuates from 
one experimental run to another. A preliminary analysis 
has lead us to a conclusion that what we observe is a 
systematic dependence on cooling procedure rather than 
random fluctuations - the sample somehow "remembers" 
the experiment preparation conditions. Furthermore, the 
doped layer contribution appears also sensitive to the 
sample illumination. 

The aim of the present paper is a systematic study 
of the "memory effects" in Si 5-doped and modulated 
doped GaAs/Al .3Gao.7As heterostructures by the acous- 
tic method for different cooling and illumination proce- 
dures. We will show that both the ac conductivity a xx {ui) 
and sheet electron density in the interface layer, n s , are 
influenced by the above mentioned procedures. However, 
in a rather wide region of parameters there exists a uni- 
versal correlation between ai(u>) and n s irrespectively of 
the way to produce a given n s . A consistent qualitative 
explanation of the observed phenomena can be achieved 
by a suggestion that thtj-.memory effects are due to the 
so-called DX~ centersoQ which are two-electron local- 
ized states bound by a negative correlation energy, see, 
e. g., Ref. H for a review. 

The paper is organized as follows. In Sec. II experi- 
mental procedure and main results are described. These 
results are discussed in Sec. fill the conclusions are drawn 
in Sec. 



IV 



II. EXPERIMENT 



A. Experimental setup 



A SAW has been induced in a LiNbC>3 crystal on top of 
which the sample has been placed and fixed by a spring. 
Details of experimental setup are given in Ref. |. Its 
important feature is that there is no direct mechanical 
coupling between the LiNbC>3 substrate and the sample 
because some finite clearance. Consequently, only electri- 
cal coupling is present that makes determining of a X x{u) 
simpler and more reliable. 

Simultaneous measurements of the attenuation, T, and 
relative variation of the sound velocity, AV(H)/V of 
SAWs in the frequency range / = u/2tt — 30 — 150 
MHz were performed in magnetic fields up to 7 T at two 
temperatures 4.2 and 1.5 K. Two sorts of MBE grown 
GaAs/Alo.3Gao.7As heterostructures we studied: (i) Si 
5-doped with n s « (1.3 - 4) x 10 11 cm~ 2 and (ii) Si 
modulated-doped heterostructures with n s « (2.4 — 7) x 
10 11 cm -2 . The electron densities were determined from 



the periods of Shubnikov-de Haas-type oscillations of T 
and AV/V at 4.2 and 1.5 K. The structure of the samples 
is schematically shown in Fig. [l] 
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FIG. 1: (a) Three-layers model used to extract ac conductance 
from acoustical data; Schematic structures of a Si 5-doped 
sample with n s ~ 1.5 x 10 11 cm~ 2 (b), and a modulated- 
doped one with n s ~ 2.4 x 10 11 cm -2 (c). 



The heterostructure was considered as a multilayer 
system containing a thin conductive layer with complex 
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sheet conductance a xx (ui) at some distance d from the 
bottom plane. Since the distance between the interface 
and the doped layer is much less than the SAW pene- 
tration depth fc" 1 the quantity a xx (u>) is actually the ef- 
fective conductance of the region including interface and 
doped layers, connected "in parallel" . Dielectric con- 
stants of two other layers (GaAs and Alo.3Gao.7As, re- 
spectively) are assumed to be equal and denoted as e s = 
12. The heterostructure is placed on top of the LiNbC>3 
platelet with effective dielectric constant e p = 50, the 
vacuum clearance between the heterostructure and the 
plate being denoted as a. The clearance remains finite 
despite of the fact that the heterostructure was pressed 
to the piezoelectric platelet because of some roughness of 
both surfaces. Since the actual clearance is hardly con- 
trolled, the quantity a is treated as an adjustable param- 
eter. It is determined by fitting the experimental data at 
the steps between the Hall plateaus where the conduc- 
tance is metallic and essentially frequency independent 
in the frequency region of our experiments. The values 
of a are slightly different for different sample setups. For 
our experimental setup, a w (1 — 5) x 10" 5 cm. 

According to the above model, components of the com- 
plex conductivity have been extracted from the experi- 
mental data from the expressionsa 

r = i.34kA(k)K* + + s2 , dB/cm, (1) 

Ei, 2 = 47rt(A;)(7i. 2 H/e a K. (3) 

Here K is the electromechanical coupling constant for 
LiNbOs (Y-cut), A(k) and t(k) are dimensionless func- 
tions allowing for electrical and geometrical properties of 
the sample ,Q 

A(k) = 8( £p + l)e se - 2fc ( Q+d V(Mfc)Mfc)-Mfc)]) , 
t(k) = [b 2 (k)-b 3 (k)]/2h(k), 
61(A) = (e p + l)(s s + l)-(e p -l)(s s -l)e- 2ka , 
62(A) = (£ P + l)(e s + l)-(e P + l)(s s -l)e- 2M , 
63(A) = e- 2ka [(e p -l)(e s -l) + (e, p -l)(e s + l)e- 2kd ] . 

B. Dependence of cooling rate 

The acoustic measurements require the sample to be 
placed either in vacuum, or in a dilute gas. Otherwise 
SAW are strongly damped by the cooling liquid. In our 
experiment, the system consisting of the sample mounted 
on the LiNb03 plate was placed on a cooling finger lo- 
cated in a chamber. The chamber was, in turn, placed in 
a He 4 cryostat which can be pumped out to decrease its 
temperature. The superconductor solenoid in the cryo- 
stat was cooled by liquid nitrogen. To reach the temper- 
atures 1.5 — 4.2 K a dilute exchange gas (He 4 , ~ 0.1 Torr) 
was inserted into the chamber, and that was the way to 
control the cooling rate. 



The cooling procedure was as follows. The cham- 
ber containing the experimental setup has been initially 
cooled inside the cryostat by cold gaseous He 4 , and then 
liquid He has been poured into the cryostat. 

Different cooling regimes were studied, and in the fol- 
lowing they will be referred to as slow and rapid cooling. 
In the first case the exchange gas has been inserted from 
the very beginning, at the room temperature. Then the 
chamber was cooled during 1.5-2 hours by cold gaseous 
He 4 down to 7 - 8 K, and finally liquid He was poured. In 
the second case, the chamber was initially evacuated and 
cooled first by gaseous and then by liquid He 4 , the sample 
temperature being monitored by a carbon thermometer. 
At some temperature To, which actually depends on the 
pressure in the chamber, the exchange gas was inserted, 
and the sample cooled down to the cryostat temperature 
during 5-10 minutes. As a result, the cooling rate is an 
increasing function of To, the maximum cooling rate be- 
ing at T re 77 K. 

The results for a slowly-cooled of the Si (5-doped sample 
with the initial sheet electron density n s ~ 1.5 x 10 11 
cm" 2 are shown in the bottom panel of Fig. ^. They are 
extracted from the raw data shown in the top panel. 

Magnetic field dependences for different cooling rates 
extracted at the same acoustic frequency, / = 30 MHz, 
are shown in Fig. |3| One can observe that, depending 
on To, (i) minimum values of a\ are different, and (ii) 
minima occur at different values of magnetic field. Since 
all the minima correspond to the filling factor v — 2, it 
follows that the sheet electron density, n s , is a function 
of Tq. The behavior of o~\ for v = 1 and v = 4 is similar. 

In Fig. |I| the values of o-\\ v =% and n s \ v= i are plotted 
versus the pre-cooling temperature, Tq, The first quan- 
tity increases with increase of To, while the second one 
decreases. For all To, imaginary part of the conductiv- 
ity, o~ 2 , remains greater that a\ that indicates hopping 
conductance. a% is also dependent on To, however its de- 
pendence is much slower than that of o\. The general 
behavior of the ac conductance in the modulated-doped 
samples is similar. 

The dependence of the sheet electron density n s turns 
out to be correlated with the initial value of n s ; the larger 
the initial n s the slower its dependence on To. For the 
sample with n s ~ 1.5 x 10 11 cm" 2 the relative variation 
of n s is 30%, for n s ~ 2.3 x 10 11 cm" 2 is 10%, while n s = 
7 x 10 11 cm" 2 the dependence on To is essentially absent. 
In the last sample the first band of size quantization is 
almost full. 

It is worth noting that the state reached by fast cooling 
does not change for a long time. In particular, charac- 
teristics of the sample with n s = 1.2 x 10 11 cm -2 after 
maximally fast cooling from To = 77 K did not change 
during at least 28 hours. 
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FIG. 2: Top panel: magnetic field dependences of the SAW 
attenuation, F, and of the relative velocity change, AV/V for 
/ = 30 MHz. Bottom panel: components ai and 02 of ac con- 
ductivity versus magnetic field H at T = 1.5 K. Sample - Si 
5-doped GaAs/Alo.3Gao.7As heterostructure, initial electron 
density n„ ~ 1.5 x 10 11 cm -2 . 



C. Dependence on illumination 

As, well known, dc conductance of Al . 3 Gao/fAs thin 
film 13 and GaAs/Al .3Ga .7As heterostructures t3 is sen- 
sitive to infrared (IR) illumination. To investigate com- 
bined effect of slow cooling and IR illumination on ac 
conductance light emitting diodes (LEDs) producing IR 
radiation with the wavelength A = .SI, 1.34, 2.53 and 
4.47 /xm were placed into the chamberEil. Choosing the 
illumination dose we were able to change the sheet elec- 
tron density, as well as the ac conductance, by control- 
lable portions. The persistent ac photoconductance is 
observed only if the illumination frequency exceeds some 
threshold located between 0.92 and 0.49 eV (A = 1.34 




FIG. 3: Magnetic field dependences of a\ for T = 1.5 K, 
H — 2 — 4 T and different pre-cooling temperatures, To. All 
curves correspond to the filling factor v = 2. 
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FIG. 4: Dependences of the ac conductance o\ (left panel) 
and sheet electron density n 3 (right panel) on the pre-cooling 
temperature To. v — 2, temperatures of experiment are shown 
in the legend. 



and 2.53 fim, respectively). The magnetic field depen- 
dence of <j\ (uS) after successive illumination of a <5-doped 
sample with n s ~ 3.3 x 10 11 cm~ 2 is shown in Fig. M. One 
can see that successive pulsed illumination (pulse dura- 
tion < 10 s) leads to a shift in the location of the cor- 
responding u\ minimum. The shift indicates an increase 
in the 2DEG density, n s . At the same time the minimum 
value of <Ti decreases. The effect of the illumination in 
a Si doped structure is illustrated in Fig. O. Here a\ (ui) 
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FIG. 5: Magnetic field dependences of oi(w) after successive 
illumination, A = 0.81 fim, T = 4.2 K, / = 30 MHz. 



and 02(0;) are plotted as functions of the sheet electron 
density n s , tuned by successive illumination. All three 
quantities are extracted from acoustic measurements at 
T = 1.5 K. One can see that increase in n s is accompa- 
nied by decrease of 01 down to to some value after which 
a rapid increase occurs. In this regime the successive il- 
lumination leads to an increase in o\ leaving n s almost 
constant. 
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FIG. 6: Effect of illumination presented as 0-1,2 versus n s 
curves. Each point corresponds to a state after a given illu- 
mination dose, v — 2. 



III. DISCUSSION 

As we expected,i the set of experimental results indi- 
cates a significant role of the doped layer in the "mem- 
ory" effects. Indeed, a remarkable feature of the ex- 
perimental results is that, being presented as <j\ and 
02 versus n s , they are more-or-less universal. Namely, 
the data obtained for different cooling and illumination 
procedures collapse to almost same curves. To demon- 
strate this feature, in Fig. ^ we plot o\ and 02 versus 
n s for a Si <5-doped sample with initial electron concen- 
tration n s ~ 1.5 x 10 11 cm -2 . Here the results both for 
different pre-cool temperatures To and different illumi- 
nation doses are included. We believe that such prop- 




FIG. 7: Combined effect of cooling and successive illumination 
for o\(uj) and 02 (w) which are plotted versus n s tuned either 
by fast cooling, or by illumination. (5-doped sample, n s ~ 
1.5 x 10 11 cm~ 2 , T = 1.5 K. Measurements are performed at 
/ = 30 MHz; v = 2. 

erty, as well as the threshold in ac photo conductance 
support the idea that the electron states-, in the doped 
layer are just the so-called DX~ centersE These states 
are actually two-electron bound states stabilized by lo- 
cal lattice distortion. £>X~centers were observed both in 
GaAs/Al .3Ga .7As heterostructures and in AL j; Gai_ 2 As 
films with x > 0.22. They are considered to be responsi- 
ble for dc persistent photoconductance in these systems, 
which has also a threshold, in the illumination quanta 
energy located between 0.60 and 0.8 eVt3. 

In general, the defects responsible for the _DX~-centers 
have three charge states which differ by number of elec- 
trons occupying the center. Due to a local lattice dis- 
tortion the two-electron state has the lowest energy if 
the two electron-correlation energy \U\ exceeds the ther- 
mal energy kT£3 As a result, at T <C \U\/k the the de- 
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fects are either occupied by two electrons and negatively 
charged (TU-centers) or empty and positively charged 
(D + -centers) . The D_-centers can be treated as small 
bipolarons. The real situation is more complicated than 
the one discussed above since there is no unique opinion 
on the microscopic nature of excited states of the defect. 
In particular, there are several intermediate states of the 
defect each containing one electron, but differing by the 
amount of lattice distortion. In the following we will not 
discriminate between these states since detailed theory of 
acoustically-stimulated electron tunneling is beyond the 
scope of the present work. To simplify the discussion, 
following Ref. [l4|, we assume that a set of equal number 
of D- and D+ states form the ground state which is the 
only state occupied at very low temperature. The one- 
electron (neutral) state Dq has the energy higher than 
the ground state energy by the correlation energy o\U\. 

In heterostructures, one can imagine several processes 
taking place during a cooling from the room temperature 
to 1.5 K. Among them are freeze-out of the carriers in 
the Si-doped layer of Alo.3Gao.7As ia occupy first deep 
£>_ states and then shallow states,E£l carriers exchange 
between the doped and the interface layers, etc. We be- 
lieve that under rapid cooling the electron distribution 
at the pre-cooling temperature T is frozen - it does not 
significantly change during the cooling below To. This 
statement is compatible with a crude estimate of the ac- 
tivation energy based on the expression Ed « 0.7a; — 0.15 
eV which has been obtained for Al x Gai_ x As films for 
0.22 < x < 0.4.E3 For our samples, this estimate yields 
Ed = 60 meV. Consequently, e~ Ed ' kT var j es f rom io _1 
to 10~ 4 as T varies from 300 to 100 K. 

Acoustic methods under conditions of the QHE pro- 
vide a unique possibility to separate the contributions 
of the interface and doped layers. Indeed, at the QHE 
plateaus the electronic states in the interface layer are 
localized, and their contribution to a xx are small. As a 
result, the contribution of the electron hopping in the 
doped layer becomes measurable. □ We believe that the 
main mechanism leading to this contribution is due to 
tunneling transition of electron pairs (bipolarons) be- 
tween a D- center and an adjacent D + one. At low 
temperatures sequential tunneling via the neutral states 
Dq is probably not important since the energy differ- 
ence between Do and the ground state is of the order of 
\U\ ks 1 eV. However, Do states play an important role in 
the formation of the tunneling barrier between Z)_ and 
D + centers. A theory of ac hopping conductance due to 
DA~-centers in three-dimensional amorphous materials 
has been developed in Ref. [ll|. According to this the- 
ory, is is rather difficult to discriminate between single- 
electron and two-electron tunneling from frequency and 
temperature dependences of a~(u>). We are not aware of 
a theory of ac hopping conductance relevant to pair tun- 
neling in GaAs/Al .3Gao.7As heterostructures. However, 
one can expect that the differences in frequency and tem- 
perature dependences are very small also in this case. 

Assuming that the doped layer's thickness is much less 



than k 1 we can use for a\ an estimate similar to the. 
well-known expression for the single-electron tunneling,tj 

o-i H ~Sb£b^e 4 /e s . 

Here gb is the density of states for bipolarons, £b is their 
localization length, while e is the electron charge. We 
believe that it is the density of £)_ states, gb, that is 
influenced by cooling and illumination procedures. In 
particular, the IR illumination causes ionization of the 
D_ centers in the doped layer. Part of released electrons 
tunnels into the interface layer that results in the increase 
in the sheet density n s . A similar effect occurs during a 
rapid cooling due to quenching of the electron transfer 
between the defects and 2D layer. The higher the pre- 
cooling temperature To the less time left for the electrons 
to tunnel into the interface layer. As a result, n s is a 
decreasing function of To- 

It worth mentioning that there is an important dif- 
ference between the dc persistent photoconductance and 
the effect we observe. Indeed, in the first case the con- 
ductance is possibly due to extended electron states ei- 
ther in the 2DEG-layer or in the conduction band in 
Alo.3Gao.7As layer. Contrary, the states responsible for 
the ac conductance are localized that follows from the re- 
lation 02(0;) > <Ji(bS). Illumination leads to a decrease in 
the number of occupied bound states. As a result, the ac 
conductance decreases with illumination. At very high 
illumination dose the DX~ centers become ionized, and 
all the ac conductance is due to extended states. 

We have employed the procedure of Ref. ^ to separate 
the contributions of the doped layer and of the 2D layer 
in the ac hopping conductance and then analyzed the 
latter using a picture of single electron nearest-neighbor 
tunneling. Tuning the 2DEG density by illumination af- 
ter slow cooling to change the magnetic field H corre- 
sponding v = 2 from 2.7 to 3.8 T we have found that 
the localization length £ in this region behaves as H^ 1 / 2 . 
This dependence is compatible with the assumption of 
the single electron nearest neighbor tunneling. Unfortu- 
nately, we were not able to carry out a similar analysis 
for v = 4 since at large v the components <j\ and 02 are 
of the same order of magnitude, and the mechanism of 
ac conductance is mixed. 



IV. CONCLUSIONS 

Main conclusions from the present work can be formu- 
lated as follows. 

(i) Both ac hopping conductance and sheet elec- 
tron density in Si <5-doped and modulation doped 
GaAs/Al .3Gao.7As heterostructures at the quan- 
tum Hall effect plateaus depend on the samples' 
cooling rate. 

(ii) Successive IR illumination leads to a persistent ac 
hopping photoconductance which decreases with the 
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illumination dose. At the same time, the sheet 
electron concentration, n 8 , in the interface layer 
increases. The persistent ac photoconductance oc- 
curs only if the illumination frequency exceeds some 
threshold located between 0.5 and 0.9 eV. 

(iii) The above set of results can be qualitatively inter- 
preted within the framework of the concept of DX~ 
centers - localized two-electron states bounded by 
local lattice distortion - located in the doped layer 
of the heterostructure. We believe that the doped 
layer ac hopping conductance is due to tunneling of 
electron pairs (bipolarons) between adjacent dou- 
bly occupied and empty defects. 

(iv) The contribution of tunneling between localized 



states in the interface layer can be extracted and 
used to estimate the electron localization length, 
£. Within the experimentally-accessible range, 
£ cx i/ -1 / 2 which is compatible with single-electron 
nearest neighbor tunneling. 
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